Chameleon gravity and satellite geodesy by Morris, J. R.
ar
X
iv
:1
41
0.
02
20
v1
  [
gr
-q
c] 
 29
 Se
p 2
01
4
Chameleon gravity and satellite geodesy
J.R. Morris
Physics Dept., Indiana University Northwest,
3400 Broadway, Gary, Indiana 46408 USA
ABSTRACT
We consider the possibility of the detection of a chameleon effect by an earth
orbiting satellite such as LAGEOS, and possible constraints that might be placed
on chameleon model parameters. Approximate constraints presented here result
from using a simple monopole approximation for the gravitational field of the
earth, along with results from the Khoury-Weltman chameleon model, solar sys-
tem constraints obtained from the Cassini mission, and parameter bounds ob-
tained from the LAGEOS satellite. It is furthermore suggested that a comparison
of ground-based and space-based multipole moments of the geopotential could
reveal a possible chameleon effect.
1. Introduction
Newtonian gravity, a Newtonian limit (weak fields, nonrelativistic motions) of general rel-
ativity, has been successful in describing gravitational phenomena in laboratory settings.
However, models of modified gravity have been proposed which may give rise to small cor-
rections to Newtonian gravity, perhaps manifesting themselves on different distance scales or
under certain environmental influences. One such interesting modification is the “chameleon
gravity” model (Khoury and Weltman 2004a,b), wherein the effective coupling of gravita-
tion to matter can depend upon the environment. In particular, in regions of high mass
density, the scalar component of the interaction (the scalar chameleon field, φ) develops a
large mass and a short range, so that its effect is suppressed, whereas in regions of low mass
density the field can become effectively massless and long ranged, and consequently have
a much more pronounced effect, reflected in a different value of the effective gravitational
constant. Therefore, according to the chameleon model, earth-based gravity is different from
space-based gravity.
Attention is focused here on the motion of a satellite, mimicking a “test particle”. Assuming
the chameleon gravity hypothesis, a chameleonic acceleration of the satellite results, due
to a departure from pure geodesic motion. Therefore, sensitive measurements of any such
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departure can serve to set bounds on chameleon model parameters. Here, we use the re-
ported bound on a fifth force coupling constant α, obtained from a data analysis of the
LAGEOS satellite, in conjunction with results from the Khoury-Weltman chameleon model,
along with solar system constraints from the Cassini mission to establish possible bounds
on the chameleon model. Numerical estimates are made, using a simple monopole model,
as in (Khoury and Weltman 2004a,b). These estimates lead us to establish approximate
constraints on the chameleonic acceleration aφ, and constraints on the chameleon coupling
parameter β may be approximated, which describes the strength with which the chameleon
field φ couples to matter. Furthermore, we suggest that a comparison of ground-based and
space-based multipole moments of the geopotential could provide evidence for the existence
or nonexistence of a measurable chameleon effect.
2. The chameleon model
The chameleon model can be considered to arise from a scalar-tensor theory where the scalar
field φ couples to the Ricci scalar R˜[g˜µν ] in the Jordan frame representation with metric g˜µν .
A conformal transformation to the Einstein frame representation, with metric gµν , removes
the coupling of φ from the curvature, but a coupling to the matter sector emerges. The
action is given by
S =
∫
d4x
√
g
{
1
2κ2
R[gµν ] +
1
2
gµν∂µφ∂νφ− V (φ)
}
+ Sm
[
A2(φ)gµν , ψ
]
(1)
where the Jordan frame metric g˜µν and Einstein frame metric gµν are related by the conformal
transformation g˜µν = A
2gµν and g = | det gµν |. Matter fields are represented collectively by
ψ and κ2 = 8πG. The matter part of the action is
Sm =
∫
d4x
√
g˜L˜m(g˜µν , ψ) =
∫
d4x
√
gLm[A2(φ)gµν , ψ] (2)
The function A(φ) = exp(βκφ) is an increasing function of φ with the constant β representing
the strength of the coupling of φ to matter. The potential V (φ) is taken to be a decreasing
function of φ, and a variation of the action S with respect to φ leads to an effective potential
in the Newtonian limit given by
Veff (φ) = V (φ) + ρ¯A(φ) = V (φ) + ρ¯e
βκφ (3)
where ρ¯ is a φ independent conserved energy density of nonrelativistic matter in the Einstein
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frame. The action S yields the equations of motion
Rµν − 12gµνR = −κ2Tµν = −κ2
[
T
(φ)
µν + T
(m)
µν
]
φ+
∂V
∂φ
− ∂Lm
∂φ
= 0
duν
ds
+ Γναβu
αuβ − (∂µ lnA(φ)) [gµν − uµuν] = 0
(4)
We use a metric with negative signature, (+,−,−,−). The line element is ds2 = gµνdxµdxν ,
the velocity of a test particle is uα = dxα/ds, φ = ∇µ∂µφ with ∇µ the covariant derivative,
and Tµν is built from a chameleon part T
(φ)
µν and a matter part T
(m)
µν , with
Tµν =
2√
g
∂(
√
gL)
∂gµν
, L = 1
2
(∂φ)2 − V (φ) + Lm (5)
We will be interested in the Newtonian limit of the above model, in which case the equations
of motion reduce to
∇2Φ = κ2(T00 − 1
2
T λλ ) = κ
2
[
1
2
ρ¯A(φ)− V (φ)
]
(6a)
∇2φ = ∂V
∂φ
+ βκρ¯A(φ) (6b)
~a =
d2~x
dt2
= −∇Φ−∇(lnA) (6c)
where Φ = 1
2
h00 is the Newtonian gravitational potential, and we will assume no back reaction
on Φ due to φ. [The terms on the right hand side of (6a) are from the stress-energy tensor,
which is generated by both matter and the chameleon field. Outside of a mass distribution
the matter density ρ¯ ≈ 0 and the contribution to (T00 − 12T λλ ) is due to the chameleon, and
reduces to (T
(φ)
00 − 12T (φ)λλ ) = −V (φ) for r ≫ rS, where rS is the Schwarzschild radius of the
source. This term V (φ) is expected to be negligible in a low density region far from the
source, where φ can become much larger than in a high density region (with κφ . 1).]
Let us note here that in the Newtonian limit the equation of motion for the scalar field can be
written asφ+∂Veff/∂φ = 0 where Veff takes the form given in (3). [Refs.(Khoury and Weltman
2004a,b) can be consulted for further details.] Now consider the potential V (φ) to be given
by V = M5/φ, or perhaps more generally, by V = M4+n/φn. The functions V (φ) and A(φ)
in the effective potential Veff have competing behaviors, so that Veff exhibits a minimum
at some value φmin which will depend upon the local matter density ρ¯, as seen from (3).
The mass of the scalar field φ is computed from Veff where the curvature V
′′
eff (φ) is eval-
uated at φmin, i.e., m
2
φ = V
′′
eff(φ)|φmin. (For a potential of the form V = M4+n/φn we have
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m2φ =
[
n(n+ 1)M4+nφ−(n+2) + (βκ)2ρ¯eβκφ
]
φmin
.) This leads to a large mass mφ in regions
of high density and a small mass in regions of low density. Therefore the range m−1φ of the
chameleon scalar is very small in regions of high density, but is much larger in regions of low
density. It is for this reason that, according to the chameleon model, earth-based gravity
(short ranged φ) differs from space-based gravity (long ranged φ), and why chameleon effects
are hidden on earth. [For example, Eq.(12) in Ref.(Khoury and Weltman 2004b) gives values
for the range of φ in the atmosphere and above the atmosphere (and on solar system scales)
of m−1atm . 1mm −1cm and m−1ss . 10− 104 AU, respectively.]
Since the chameleon’s effects are hidden on earth, laboratory experiments reveal no devi-
ations from Newtonian gravity. [See(Khoury and Weltman 2004a,b) for estimates and ar-
guments that laboratory tests of gravity are satisfied.] Furthermore, a large body having
a so-called “thin shell” will have a substantial chameleonic suppression in comparison to
that of a small body having a “thick shell” (Khoury and Weltman 2004a,b). For exam-
ple, a large (thin shelled) planet may behave differently from a small (thick shelled) satel-
lite, with the satellite showing an extra chameleonic acceleration not exhibited by a planet.
Consequently, the chameleon model successfully passes all existing solar system constraints
(Khoury and Weltman 2004a, see Sec.VII).
2.1. Remarks
(1) There are now two contributions to the acceleration ~a of a test mass, the Newtonian
part, ~aN = −∇Φ, and the scalar chameleonic acceleration, ~aφ = −∇(lnA) = −βκ∇φ. So
from (6c) (“geodesic” equation), ~a = ~aN + ~aφ.
(2) The effective potential Veff(φ) depends upon the local matter density ρ¯, and the result
is that in regions of high density, φ is small, mφ is large, and the chameleon effect is weak
or undetectable, with the effects of the scalar being of very short range. Then for a small φ,
A(φ) ≈ 1 and in this case the chameleonic acceleration ~aφ = −∇ (lnA) ≈ 0 and ~a ≈ ~aN =
−∇Φ.
(3) However, in regions of low density, mφ is very small, the effects of the scalar are of
long range, and the chameleon effect becomes stronger. Therefore, for a satellite in earth
orbit outside the earth and the bulk of its atmosphere [taken to be roughly 10 km thick
(Khoury and Weltman 2004b)], the chameleon effect can become stronger, with the possi-
bility of a detectable deviation from geodesic motion.
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3. Acceleration and Potential Fields
3.1. Effective gravitational potential and acceleration
The chameleonic “anomaly” would not be apparent near the surface of the earth, but outside
the earth’s atmosphere it could become detectable. This leads to a question of whether
there is any detectable discrepancy between gravitational fields and potentials determined
by earth-based measurements and space-based measurements from satellite geodesy, both
of which can possess high degrees of sensitivity. Presently, we consider possible deviations
from geodesic motion for earth satellites, such as the LAGEOS satellite. If any measurable
deviation from geodesic motion is associated with the chameleon effect, it becomes possible
to establish approximate constraints on the chameleon model parameters.
From Eq.(6c) we have
∇ · ~a = −∇2Φ−∇2(lnA) = −∇2Φ− βκ∇2φ ≡ −∇2Ψ (7)
where the effective gravitational potential Ψ(~r) is
Ψ = Φ+ lnA(φ) = Φ + βκφ (8)
and the effective gravitational acceleration is
~a = −∇Ψ = −∇ (Φ + δΦ) (9)
with δΦ = lnA = βκφ. The 1st term ∇2Φ is given by the 1st equation in (6a). Using this
with (6b) we can write
∇ · ~a = −4πG
{
ρ¯A− 2V + 2β
κ
∇2φ
}
= −4πGρeff (10)
where
ρeff ≡ ρ¯A− 2V + 2β
κ
∇2φ (11)
We can therefore write a Poisson equation for Ψ,
∇2Ψ = 4πGρeff = 4πG
{
ρ¯A− 2V + 2β
κ
∇2φ
}
(12)
3.2. Multipole expansion
Let us apply this to a satellite orbiting earth outside the atmosphere, where r ≫ rS and we
approximate ρ¯ = 0. (The mass density is taken to be the ambient density in our neighborhood
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of the galaxy, ρ¯G ≈ 10−24 g/cm3 (Khoury and Weltman 2004b), so that we take ρ¯ ≈ 0.
Also, from (Hees and Fuzfa 2012), (Anderson and Morris 2012), we have lnA = βκφ .
2×10−12 ≪ 1 so that lnA≪ 1. See, e.g., (Anderson and Morris 2012) for a transcription of
the results of (Hees and Fuzfa 2012) into our notation and conventions.) Then the vacuum
value of φ becomes large (with βφ≪ 1/κ), mφ becomes small (low curvature, an almost flat
chameleon potential V (φ)), and V (φ) becomes very small.
Let us obtain solutions for Ψ in terms of multipole moments which can be obtained from
measurements at the earth’s surface, and multipole moments which can be obtained from
satellite measurements. Any difference between the two sets of multipole measurements
could indicate the presence of some type of screened gravity effect.
We start with the formal solution to the Poisson equation (12),
Ψ(~x) = −G
∫
V
ρeff(~x
′)
|~x− ~x′| d
3x′ (13)
along with
1
|~x− ~x′| = 4π
∞∑
l=0
l∑
m=−l
1
2l + 1
rl<
rl+1>
Y m∗l (θ
′, ϕ′)Y ml (θ, ϕ) (14)
where ~x′ is the source point, ~x is the field point, and r< (r>) is the smaller (larger) of
|~x| and |~x′|. We consider our system to be the earth, with volume VE , surrounded by the
atmosphere forming a thin shell of volume Vatm, along with any chameleon field φ which may
be present, and possibly nonnegligble above the atmosphere. The chameleon field levels off
away from the earth, approaching an asymptotic value of φ∞ (Khoury and Weltman 2004b),
with ∇2φ→ 0.
At earth’s surface: On the surface of the earth the chameleon effect is absent, and the
density interior to the earth’s surface is ρE(~x
′), i.e., just the ordinary earth density. The
density exterior to the earth’s surface is the atmospheric density ρatm, along with a chameleon
contribution to the density, given by (11), with ρ¯ = 0 (the chameleon effect is absent within
the atmosphere, as well). We note that ρeff → 0 as |~x| → ∞. Using (13) and (14) we have
Ψml (~x) = −4πG
∫
VE
d3x′
{
ρE(~x
′)
2l + 1
r′l
rl+1
Y m∗l (θ
′ϕ′)Y ml (θ, ϕ)
}
− 4πG
∫
V∞
d3x′
{
ρeff (~x
′)
2l + 1
rl
r′l+1
Y m∗l (θ
′ϕ′)Y ml (θ, ϕ)
}
= −4πG
{
Aml
2l + 1
Y ml (θ, ϕ)
rl+1
+
Iml
2l + 1
rlY ml (θ, ϕ)
}
, (r ≈ rE) (15)
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where rE is the average radius of the earth, radii r lie between the earth’s surface and
the upper boundary of the atmosphere, V∞ includes all of space outside of the earth and
atmosphere, the Ψml are the multipole fields of Ψ =
∑
l,mΨ
m
l , and the exterior and interior
multipole moments are given by
Aml =
∫
VE
d3x′ρE(~x
′)r′lY m∗l (θ
′, ϕ′) (16)
and
Iml =
∫
V∞
d3x′
ρeff(~x
′)
r′l+1
Y m∗l (θ
′, ϕ′) (17)
respectively. Furthermore, we neglect the contribution due to the interior multipole moments
Iml by virtue of the comparative smallness of ρeff/r
′l+1, or more specifically (rl|rE)Iml ≪
Aml /(r
l+1|rE), with ρeff → 0 at points distant from earth. We therefore have, approximately,
Ψ(~x) =
∞∑
l=0
l∑
m=−l
Ψml (~x) = −4πG
∞∑
l=0
l∑
m=−l
Aml
2l + 1
Y ml (θ, ϕ)
rl+1
, (r ≈ rE) (18)
where the Aml coefficients are determined by earth-based measurements. This earth-based
potential is just the Newtonian potential Φ, i.e., Ψ = Φ near earth’s surface.
Above the atmosphere: Above the atmosphere, but not at distances too far from the
earth, we again ignore interior multipole terms due to the chameleon contribution to ρeff ,
which is very small compared to ρE and vanishes well away from earth, (or more specifically
we assume (rl)Iml ≪ Aml /(rl+1), for radial positions r of the satellite ) but at the position of
a satellite in orbit above the atmosphere we have the exterior moments
Bml =
∫
V sat
d3x′ρeff (~x
′)r′lY m∗l (θ
′, ϕ′) (19)
where Vsat is the volume of space interior to a surface on which the satellite’s orbit lies,
where on this surface we assume that ρeff = −2V + 2βκ ∇2φ may be small, but is not assumed
to vanish identically. We have that ρeff ≥ ρE within the volume Vsat. From (11), along with
the expectation that |∇2φ| will maximize at some finite distance above the atmosphere (see,
for example, analytical and numerical solutions presented in (Khoury and Weltman 2004b)),
we anticipate that Bml − Aml 6= 0, and may be measurable, if there does exist a chameleon
effect. At points above the atmosphere we therefore have
Ψ(~x) =
∞∑
l=0
l∑
m=−l
Ψml (~x) = −4πG
∞∑
l=0
l∑
m=−l
Bml
2l + 1
Y ml (θ, ϕ)
rl+1
, (r > rE) (20)
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where the Bml are determined by space-based satellite measurements.
Acceleration: The effective gravitational acceleration ~a = ~aN +~aφ is given in terms of the
gravitational potential Ψ by ~a = −∇Ψ. We can therefore write the acceleration, as measured
by a satellite, as
~a = −∇Ψ = −
∞∑
l=0
l∑
m=−l
∇Ψml (r, θ, ϕ) =
∞∑
l=0
l∑
m=−l
~aml ; ~a
m
l = −∇Ψml (21)
where the a mi,l are the multipole terms of the acceleration field components ai, (i = r, θ, ϕ),
a mr,l = −∂rΨml = −4πG
[
Bml
(l + 1)
rl+2
Y ml (θ, ϕ)
]
(22a)
a mθ,l = −
1
r
∂θΨ
m
l = −4πG
[
−Bml
1
rl+2
∂θY
m
l (θ, ϕ)
]
(22b)
a mϕ,l = −
1
r sin θ
∂ϕΨ
m
l = −4πG
[
−Bml
1
rl+2
∂ϕY
m
l (θ, ϕ)
sin θ
]
(22c)
For pure Newtonian gravity, characterized by a potential Φ, i.e., for points near the earth’s
surface where Ψ → Φ, or for points in space for the case that there is no chameleon field
and Ψ = Φ, we would have the same expressions for multipole terms with replacements
Bml → Aml .
4. Comparison
The potential Φ(r, θ, ϕ) for pure Newtonian gravity is given by a multipole expansion with
multipole moments Aml , and the potential Ψ(r, θ, ϕ) for chameleon gravity is given by (20).
The difference between each multipole term is
δΦml ≡ Ψml − Φml = −4πG(Bml − Aml )
[
1
rl+1
Y ml (θ, ϕ)
]
(23)
which would vanish identically if there were no chameleon field or chameleon effect. However,
if a detectable chameleon field does exist, it would give rise to an “anomalous” acceleration
~aφ = ~a− ~aN ≡ δ~a with multipole terms
δ~aml (r, θ, ϕ) = −∇δΦml = −(Bml − Aml )(−4πG)∇
[
1
rl+1
Y ml (θ, ϕ)
]
(24)
However, the acceleration field ~a measured near the earth would not exhibit an anomalous
acceleration, i.e., δ~a = 0, while the anomalous acceleration predicted by the chameleon effect
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that could be detected by a satellite in orbit would be nonzero. From (23) and (24) we have
a relative correction to the Newtonian fields, due to the chameleon effect,
δΦml (~r)
Φml (~r)
=
(
Bml
Aml
− 1
)
,
|δ~aml (~r)|
a mN,l (~r)
=
(
Bml
Aml
− 1
)
(25)
The Bml coefficients are determined from satellite measurements of ~a, and the A
m
l coeffi-
cients are determined from the ground-based measurements of ~a, where the chameleon effect
disappears.
The acceleration ~a and its “anomalous” part δ~a are dominated by the monopole and quadrupole
terms. (The l = 1 dipole term vanishes, as we take the coordinate origin to coincide with
the center of mass.) The monopole radial acceleration “anomaly” is
|(δar)00|
(aN)
0
0
=
(
B00
A00
− 1
)
(26)
For a uniform sphere of mass having only a monopole Newtonian field and no chameleon
anomaly, i.e., Aml = B
m
l , the gravitational field is aN,r = −GM/r2 = −4πGA00Y 00 /r2 (see
Eq.(22a), for example). In this case, the “geoid” would be a sphere at the sphere’s surface,
and we would identify A00 = M/
√
4π. If there is a chameleonic anomaly, with B00 6= A00,
then the “anomaly” may take an appearance of a slightly modified gravitational parameter,
(GM)eff = GM + δ(GM), with δ(GM)/(GM) ∝ (B00/A00 − 1).
Although a gravitational anomaly resulting from differences in space-based and ground-based
measurements of the gravitational field may be rather small, its existence could give some
credence to the idea of some theory of modified gravity with a screening mechanism, such
as the chameleon model of gravitation.
5. Numerical Estimates: Monopole Approximation
For a simple example, we now make a monopole approximation for the earth’s gravitational
field, treating the earth as a uniform sphere of radius R and mass M =
∫
ρEd
3x. The
magnitude of the Newtonian gravitational field at a distance r from the center of the earth
is
aN(r) =
4πGA00Y
0
0
r2
=
GM
r2
(27)
where A00 =M/
√
4π is the monopole (l = 0, m = 0) moment contribution to the gravitational
field. Both the Newtonian acceleration ~aN and the chameleonic acceleration ~aφ are directed
radially inward (Anderson and Morris 2012). To get a numerical estimate for δa(r)/aN(r),
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we use results that were reported in Ref.(Anderson and Morris 2012), where the anomalous
acceleration δa is identified with the chameleonic acceleration aφ. For the present case of an
earth satellite we have the result
|δar|
aN
=
(
B00
A00
− 1
)
=
|aφ|
aN
= 6β2∆E (28)
where β is a constant denoting the strength of the coupling of the chameleon field to matter,
and ∆E is the “thin shell” factor for the earth (the gravitational “source”). Here, we are
taking δar to be an inward radial acceleration, which should appear to be a small radial
acceleration of the satellite, in excess of the Newtonian acceleration. On the other hand,
if it is determined that there is no inward radial component of δ~a, then we must conclude
that there is no chameleonic acceleration, i.e., β = 0. Also note that the ratio B00/A
0
0 =
(GM)sat/(GM)E where (GM)sat is measured by satellite from space and (GM)E is measured
near the earth’s surface.
Several estimates or bounds can be placed on the “anomalous” acceleration δar.
5.1. Estimated Bounds
Khoury-Weltman bound: In Refs. (Khoury and Weltman 2004a) and (Khoury and Weltman
2004b) the value of β is taken to be on the order of unity, β ≈ 1, and the thin shell factor for
the earth is estimated to be ∆E < 10
−7. With these parameters adopted by KW, we have a
rough estimate for an upper bound of |δar|/aN given by
( |δar|
aN
)
KW
. 6β2 × 10−7 ≈ 6× 10−7 (β ≈ 1) (29)
Cassini bound: On the other hand, we can appeal to an upper limit based upon solar sys-
tem constraints obtained by the Cassini mission, where limits were established (Bertotti,Iess, and Tortora
2003) on the parameterized Post-Newtonian (PPN) parameter γ,
γ − 1 = (2.1± 2.3)× 10−5 (30)
Hees and Fuzfa (Hees and Fuzfa 2012) have used this solar system-based constraint to obtain
an upper bound on chameleon parameters, without making assumptions regarding the values
of β or the thin shell factors. This analysis was incorporated in Ref. (Anderson and Morris
2012) to obtain (see Ref. (Anderson and Morris 2012) for details)
β2∆S . 3.3× 10−7 (31)
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where ∆S is the thin shell factor for the sun. The relation between ∆S and ∆E is given by
(Anderson and Morris 2012)
∆E ≈
(
1
3
× 104
)
∆S (32)
giving an upper bound on β2∆E based upon the Cassini constraint(
β2∆E
)
C
. 10−3 (33)
From (28) we then have a Cassini-based estimate
( |δar|
aN
)
C
= 6β2∆E . 6× 10−3 (34)
LAGEOS bound: Consider now a fifth force Yukawa addition to the geopotential,
Ψ(r) = Φ(r) + δΦ(r) = −GM
r
(
1 + αe−r/λ
)
= Φ(1 + αe−r/λ) (35)
where α represents the coupling of the fifth force, which we will here assume to be universal,
and λ represents the range of the Yukawa potential. We are interested in the effect of
δΦ = −αΦe−r/λ on a satellite where the ambient mass density is negligible, and mφ ≈ 0 and
λ → ∞. In this case we have δΦ = αΦ and δΦ/Φ = α. Identifying δΦ/Φ = |δar|/aN [see
Eq.(25)] and using (28), we have
δΦ
Φ
=
|δar|
aN
=
(
B00
A00
− 1
)
= 6β2∆E = |α| (36)
The upper bound on α, as determined by the LAGEOS satellite, is quoted to be (Iorio 2003;
Ciufolini and Wheeler 1995)
|α| =
( |δar|
aN
)
L
= 6β2∆E < 10
−5 − 10−8 (37)
Of course, for this fifth force to be associated with the chameleon effect, α should be positive.
To summarize, the deviation from Newtonian acceleration, as well as the fractional change
in the monopole moment is, from (26), (28), (29), (34), and (37), estimated as
|δar|
aN
=
(
B00
A00
− 1
)
= 6β2∆E .


6× 10−7, (KW, β ≈ 1)
6× 10−3, (Cassini)
10−5 − 10−8, (LAGEOS)

 (38)
– 12 –
where use has been made of (29), using the original fiducial KW parameters with β ≈ 1,
along with (33), and (36). The discrepancy between earth-based and space-based monopole
moments may be quite small, but the measurement of a deviation from geodesic motion for
the LAGEOS satellite is fairly sensitive, and does not assume any particular values for β
or ∆E . The Cassini-based constraint allows much more freedom, but again, is based upon
fewer assumptions than the KW estimate. The LAGEOS bound is seen to provide more
restriction than the Cassini bound, and does not assume values for β or ∆E .
Note: A cautionary note is in order here. The formalism presented here, and the subsequent
constraints obtained, have been admittedly oversimplified. Effects on satellite acceleration
beyond a simple Newtonian acceleration, along with a possible chameleonic correction, have
been ignored. Such effects can include gravitational forces from the sun, moon, and other
planets, solar radiation pressure, and general relativistic effects (which for a scalar-tensor
theory might be accommodated by appropriate Eddington parameters). (See, for example,
(Combrinck 2011) and (Damour and Esposito-Farese 1994) and references therein.) A mean-
ingful comparison of theoretical predictions and satellite data is therefore expected to require
delicate expertise, and is well beyond the scope and intent of the basic ideas presented here.
6. Summary
A theoretical framework has been proposed by which a gravitational anomaly due to a scalar
“chameleon” field might be detected by comparing measurements of the gravitational field
strength made at the earth’s surface and from a satellite in earth orbit. The chameleon
model allows such an “anomalous” acceleration to appear at points far from a matter source
(satellite in orbit), but the anomaly does not become manifest at points near a matter source
(earth’s surface).
Gravitational field measurements made via satellite can be compared with earth-based mea-
surements where the chameleon effect is absent. The presence of a difference in the two
sets of measurements could indicate the existence of a chameleonic gravitational correction.
On the other hand, clear evidence of an absence of anomaly could severely constrain the
chameleon model of gravitation.
Estimates based upon a simple monopole approximation indicate that the relative difference
between earth-based multipole moments Aml and space-based multipole moments B
m
l is
expected to be very small, with an estimate for a difference in monopole moments given by
(38) if the difference is due solely to the chameleon effect. If, for instance, the acceleration and
coefficients Aml are obtained on earth’s surface, near the geoid, at some position (R, θ, ϕ) and
the corresponding acceleration and coefficients Bml are determined by a satellite in orbit at
position (r, θ, ϕ) (at approximately the same time to eliminate temporal differences), they can
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be compared. Since the multipole moments are obtained from acceleration measurements,
and not computed from the formal expressions involving ρeff , one need not be concerned
with any dependence upon spatial uncertainties in the density ρ¯. However, given the fact
that the higher multipole moments are typically smaller than the lower ones, it is hopeful
that sufficiently sensitive measurements of the difference (Bml −Aml ) could indicate whether
space-based gravity is indeed different from earth-based gravity.
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